Background: The peak suppression effect, which suppresses the argon isotope signal due to the incomplete cleaning of gas from geological samples during measurement, is found in volatile-rich samples using the ARGUS VI noble gas mass spectrometer and its sample preparation system. Such effect hampers getting the precise isotope ratio essential for the 40 Ar/ 39 Ar age calculation.
Introduction
The introduction of third-generation noble gas mass spectrometers makes it possible to get a precise 40 Ar/ 39 Ar age determination for a single grain with the aid of multiple collectors and a laser heating device. Since the installation of the Argus VI noble gas mass spectrometer at the Korea Basic Science Institute (KBSI), many important geological ages have been reported (e.g., Kim et al. 2014 ). However, for volatile-bearing samples, e.g., volcanic rocks, sulfurbearing minerals, micas, and amphiboles, precise isotope ratio measurements have been challenging under the original gas preparation system due to the abnormal behavior of argon isotopes ( 40 Ar and 36 Ar) during data acquisition. The current 40 Ar/ 39 Ar dating system has been used to measure small quantities of sample ranging from single grains to several tens of grains weighing less than several milligrams using a laser heating device. In general, as the gas introduced to mass spectrometer is consumed by the ionization in the ion source (McDougall and Harrison 1999) , the signal intensities of 40 Ar and 36 Ar are supposed to decrease during the measurement (Fig. 1) . For samples with a very small argon content, the reverse trend is found. Due to such different fractionation of each isotope in the mass spectrometer, zero-time intensities of argon isotopes should be used to calculate the 40 Ar/ 39 Ar age of samples.
Nevertheless, volatile-rich samples show reverse trends (Fig. 2) , that is, the intensities of 40 Ar and 36 Ar increase during the measurement, in spite of relatively large amounts of argon such as 40 Ar > 100 fAmp. Such a weak signal at the beginning of the analysis might be due to the suppression of ionization by the residual volatile component from the samples (Alan Deino, pers. comm.) in the ion source. As measurement progresses, the residual components are gradually removed through ionization in the source chamber and the Ar signal recovers to its normal intensity showing a concave upward signal change. Under these circumstances, it is very difficult to decipher the plausible zero-time signal for age calculation. Figure 3 shows the age spectrum for the same samples as in Fig. 2 . The inconsistent plateau ages and non-uniform age spectrum of each sample aliquot are due to the abnormal signal variation during the measurement.
In this note, we report a procedure to reduce the peak suppression effect under the current configuration of the Argus VI without any significant modification of system hardware. Additionally, the results of age calculations are compared to show the effectiveness of the new protocols in eliminating the peak suppression effect. As an example, the ages of Quaternary volcanic rocks from the Jeongok area in central Korea are presented with their geological significance.
Consequences of the peak suppression effect
40 Ar/ 39 Ar age calculations are based on the measured 40 Ar/ 39 Ar ratio which is proportional to 40 Ar/ 40 K of sample. Other Ar isotope ratios (e.g., 36 Ar/ 40 Ar and 37 Ar/ 40 Ar) need to be measured to correct the effect of air-derived and reactor-induced argon (e.g., Kim and Jeon 2015) . So the precise measurement of each isotope is essential to obtain a reliable 40 Ar/ 39 Ar age. As mentioned earlier, under the original configuration of the gas preparation system, the zero-time intensities of 40 Ar and 36 Ar are severely distorted for volatile-rich samples. Table 1 shows the unreliable age results based on the distorted zero-time isotope ratio. Uncertainties for individual analyses in the data tables are at a 1σ level. Sample SS06-2 (run ID 564) is basaltic rock from Jeju Island in Korea and its eruption age is assumed to be less than 500 Ka. As an example, aliquot 564-06 shows an increasing 40 Ar signal ( Fig. 2) with unreliable zero-time 40 Ar intensity of 67 fAmp during measurement. The age probability diagram of each aliquot ( Fig. 4) , as well as the spectrum diagrams ( Fig. 3) , shows a very scattered pattern with a mean age of 430 ± 200 Ka (MSWD = 8), which is inconsistent with the volcanostratigraphic evidence.
As another example, the result for alunite (run ID 427) is presented in Table 2 . As a sulfur-bearing mineral ((K,Na)Al 3 (SO 4 ) 2 (OH) 6 ), it also shows the increasing 40 Ar signal during measurement (Fig. 2 ). Ages of each aliquot are so scattered ( Fig. 5 ) that the mean age of 5.02 ± 2.0 Ma (MSWD = 18) is geologically meaningless. 
Modification of the gas cleaning protocol
The 40 Ar/ 39 Ar age dating system at KBSI can be divided into the following three parts: (1) laser heating system, (2) gas preparation bench and (3) high-sensitivity noble gas mass spectrometer. The original configuration of the gas preparation system is shown in Fig. 6a . In order to purify argon from the extracted gases, three SORB-AC getter pumps have been used. They are constructed from a cartridge of getter material (ST101 alloy of zirconium with 16% aluminum) placed around an axial heater. At room temperature, these getters pump out hydrogen and carbon monoxide which are major background gases in the mass spectrometer. The getter can be run at 400°C to enhance the pumping of less reactive gases such as hydrocarbons. The vacuum level in the gas preparation system reaches~2 ×10 −9 mbar by ion pump. Standard air (0.1 cm 3 ) from the automatic pipette system consisting of a standard volume and two pneumatic valves is routinely measured to derive the discrimination factor. To reduce the peak suppression effects, various cleaning protocols were tested, e.g., an extension of cleaning time, increasing the number of getters, and the adoption of a water-cooled hot getter. Of these, it was the operation of one hot getter with three room-temperature getters that was the most effective. For this configuration, 40 V of AC was supplied to the internal heater in one of the getters and its external housing was cooled by water to reduce the emanation of particles from the internal surface. Figure 6b shows the modified gas preparation system. It would be best to attach a cooling device to the cold trap shown in Fig. 6 to remove water from the sample, but under current circumstances, this protocol is the next best way to reduce the peak suppression effect described above.
Results
Using the modified configuration, the peak suppression effect is significantly reduced so that the Ar isotope beam intensity decreases to show normal behavior. Figure 7 and Tables 3 and 4 show the behavior of each isotope and the resultant age calculations for the same volcanic rocks under the revised gas cleaning protocol. As shown in Figs. 2 and 7, basaltic rock sample SS06-2 (run ID 564 and 642) shows a dramatic change in the 40 Ar signal behavior. The signal variation on one sample aliquot during measurement improved from 244 to 8.5 % with the adoption of the new protocol, so that the derivation of the zero-time signal becomes more reasonable (Table 3) . Consequently, the age results become more (Fig. 4) .
The peak suppression effect is also successfully minimized for the sulfur-bearing alunite (Fig. 7) . The 40 Ar variation during measurement is decreased from 53 to 8.5% and corresponding ages become more precise, from 15 to 1.5% (see Table 2 ). The precision of the weighted mean age of multiple aliquots improves from 43.1 to 1.4% ( Fig. 4 and Table 4 ).
Application to Quaternary basalt in the Jeongok area, Korea
New ages of 12 basalt samples in the Jeongok area were measured to test the feasibility of the modified gas preparation system. Basaltic volcanism in the Jeongok area, as one of the major Quaternary volcanic episodes in the Korean peninsula, was formed by intraplate magmatism (e.g., Choi et al. 2014 ). In addition, the mantle source component of the Jeongok basalt is different from that of other Cenozoic basalt in Korea (Choi et al. 2006 ). Ryu et al. (2011) suggested that there were two major volcanic eruptions in this area, at ca. 150 and 510 Ka based on K-Ar ages. As K-Ar ages are vulnerable to argon loss, yielding erroneous ages, the step-heated 40 Ar/ 39 Ar age measurement was adopted to refine the age of volcanic activity in the Jeongok area. Grains of matrix 250-330 μm in size from basaltic rocks were irradiated for an hour using the TRIGA reactor at Oregon State University with Alder Creek sanidine (ACS, 1.193 ± 0.001 Ma: Nomade et al. 2005) as the neutron flux monitor. After irradiation, each sample was stepwise-heated by CO 2 laser and the released gas was cleaned through the newly revised protocol. MassSpec software was used for integration between the laser heating device and mass spectrometer as well as for data reduction.
Representative step-heated 40 Ar/ 39 Ar age data are shown in Fig. 8 and presented in Table 5 . The analyzed samples show a nearly flat age spectrum and welldefined plateau ages. All plateau ages from the analyzed samples are shown in Fig. 9 with the previous K-Ar age data. The revised protocol successfully reproduces 40 Ar/ 39 Ar age results similar to the average K-Ar ages of 150 ± 10 Ka and 510 ± 10 Ka from Ryu et al. (2011) . In addition, other volcanic activity at ca. 270 Ka is prominent, implying that there were more than two volcanic Fig. 4 Age probability diagrams of the basaltic rock. Left and right diagrams represent the 40 Ar/ 39 Ar ages of multiple aliquots using the original and modified gas preparation protocol, respectively. Note that the the precision of multiple aliquot analysis is significantly improved by using the modified cleaning protocol Kim and Cho Journal of Analytical Science and Technology (2020) 11:9 Page 9 of 13 episodes in central Korea. More experiments are currently underway, and the exact timing of multiple volcanic episodes in the Jeongok area will be determined in the future.
Conclusions
The 40 Ar/ 39 Ar dating protocol for a multi-collector noble gas mass spectrometer and CO 2 laser heating device at KBSI has been modified in order to minimize the peak suppression effect. Operation of one hot getter with three room-temperature getters in the sample preparation system seems to remove the redundant component from the sample effectively and improve the precision of the zero-time isotope signal. This revised technique was applied to Quaternary basaltic rocks in the Jeongok area and successfully reproduced the previous K-Ar age data. 
